Introduction
============

Diabetic retinopathy as a complication of diabetes mellitus (DM) is one of the most common causes of vision loss and visual field defects ([@r1]) in developed countries, as well as in Croatia ([@r2]). Since the duration of DM and chronic hyperglycemia represents a risk factor for developing diabetic retinopathy, advancements in medical care and longer life span have led to an increase in the prevalence of diabetic retinopathy.

Diabetic retinopathy is diagnosed and followed-up by funduscopy with contact or noncontact lenses (90 diopters) with regard to the central and peripheral retina ([@r3]). In certain cases, the following diagnostic tests may be supplementary in assessing the extent of diabetic retinopathy: fundus photography and fluorescein angiography, optical coherence tomography (OCT) and ocular ultrasound. Fluorescein angiography helps in assessing the risk of progression from nonproliferative to proliferative form of diabetic retinopathy ([@r4]-[@r6]). Color fundus photography is used for detection and documentation of retinal changes and assesses disease progression or response to therapeutic procedures. OCT is very sensitive in detection and follow-up of macular edema ([@r7], [@r8]). OCT provides quantitative information that cannot be obtained by clinical examination or fluorescein angiography, especially in the early stages of diabetic retinopathy. However, it does not provide information about microvascular retinal changes or leakage through the hemato-retinal barrier. Ocular ultrasound detects traction retinal detachment in severe cases of proliferative diabetic retinopathy, especially in cases of opaque optical media (cataract, vitreous hemorrhage) ([@r3]).

Recently, static perimetry has been used in following-up diabetic retinopathy and monitoring functional state of the retina. Araie *et al*., Werner *et al*. and Chauhan *et al*. showed that visual field defect was the most significant marker of visual function ([@r9]-[@r11]). Bengtsson *et al*. and Bengtsson *et al*. found that visual field changes may be used to detect progression of diabetic retinopathy ([@r12], [@r13]). Recent research projects are trying to find a more appropriate diagnostic method to detect early changes in visual acuity and visual field in order to treat patients more efficiently in the early stages of the disease ([@r14]).

Frequency-doubling technology (FDT) ([@r15]) is used as a screening method to detect early glaucomatous ([@r16]), as well as visual field defects caused by other diseases ([@r17]). Frequency-doubling illusion phenomenon was originally described by Kelly ([@r18]) and has been evaluated later by many other authors ([@r19], [@r20]). FDT is based on the stimuli detected by the retinal ganglion cells with long axons, i.e. magno-cells (M cells) ([@r21], [@r22]). Therefore, FDT should be able to detect very early defects in the visual field in contrast to a standard method for detecting visual field defects such as computerized perimetry. It is supposed that computerized perimetry detects visual field changes when already 30% of M cells are lost ([@r23]*,.*[@r24]). Additional advantage of FDT over computerized perimetry is shorter duration of the test, which enables us to examine more patients with less discomfort in a short time.

The aim of this study was to determine whether the FDT test results in DM patients are comparable to the results of automated static perimetry; we also wanted to determine the sensitivity and specificity of FDT in detecting early diabetic visual field defects.

Patients and Methods
====================

A comparative study approved by the regional institutional review board was conducted in the Department of Ophthalmology, Osijek University Hospital Centre in Osijek. A total of 180 subjects were divided into three groups. Group 1 included diabetic patients without clinical signs of diabetic retinopathy; group 2 consisted of diabetic patients with mild diabetic retinopathy according to the Early Treatment Diabetic Retinopathy Study (ETDRS) and American Academy of Ophthalmology (AAO) criteria ([@r1]); group 3 consisted of healthy subjects admitted for blepharoplasty surgery, with normal funduscopy findings, as a control group. All patients were older than 18 years and equally distributed according to age and sex among the groups. If both eyes met the inclusion criteria, only one eye was analyzed by random choice. Exclusion criteria were significant lens opacities according to the Lens Opacities Classification System III (LOCS3) ([@r25]), glaucoma, smokers (more than 10 cigarettes/day), alcoholics (no more than three drinks *per* day by the National Institute of Alcohol Abuse and Alcoholism, NIAAA) ([@r26]), neurologic and neuro-ophthalmologic disorders that may cause visual field loss.

All patients underwent complete ophthalmologic examination, which included medical history, visual acuity testing on Snellen charts, biomicroscopy, applanation tonometry, funduscopy with a non-contact lens 90 D, fundus photography 50º colors and red free in two fields, macula centered and optical disc centered ([@r27]).

Computerized static perimetry (Octopus 123, Interzeag AG, Schlieren, Switzerland) and frequency-doubling perimetry (Frequency Doubling Perimeter, Welch-Allyn, Skaneateles, NY; Zeiss-Humphrey, San Leandro, CA) were used to examine visual fields. Computerized perimetry used the GX1 program with stimuli size Goldman III, 100 millisecond exposition time, 4 apostilb background illumination, maximum stimuli intensity of 1000 apostilbs and 4-2-1 dB method that determines retinal sensitivity with 1 dB in two phases (32 measurement spots).

The following numerical parameters were analyzed: medium sensitivity (MS), mean defect (MD) and loss of variance (LV) as a mean defect of visual field sensitivity. Foveolar sensitivity was calculated out of those four central values as a mean value. If the reliability factor (RF) was less than 15%, the results were accepted and considered for analysis.

The full threshold test (N-20) was used on FDT perimetry. It uses 17 measurement points that determine retinal sensitivity with 1 dB accuracy. The following numerical parameters were analyzed: mean deviation (MD), mean visual field sensitivity loss, and pattern standard deviation (PSD) as localized visual field sensitivity loss that is analogous to LV in computerized perimetry.

Mean sensitivity as the average sensitivity is not automatically calculated, so it was calculated from the so-called threshold diagram (a scheme of numerical value of sensitivity) that represents 17 stimuli thresholds in different retinal locations. A central value on the threshold diagram was used on foveolar sensitivity measurement. The results were considered for analysis if the fixation loss or false negative error was less than 33% and if the false positive error was less than 15% ([@r27]).

Total deviation plot diagram was also analyzed and the criteria specific for diabetic retinopathy were determined according to the results of previous studies ([@r29]). According to this diagram, the subjects were divided into 9 groups, as follows: criterion 0: normal finding; criterion 1: one abnormal visual field in any of the tested areas of any intensity; criterion 2: two abnormal visual fields of any intensity which are not one next to each other except for 4; criterion 3: any two fields of abnormal depression one next to other except for 5; criterion 4: one abnormal visual field with central depression or the inner ring except for 5; criterion 5: two abnormal visual fields in the inner ring without central field; criterion 6: central visual field defect; criterion 7: central visual field defect and minimally two fields in the inner ring; and criterion 8: ≥3 abnormal visual fields except for 7.

Such stratification of the results aimed to determine if the visual field defects had sufficient specificity and sensitivity to detect early diabetic retinopathy changes. At each visit, both perimetry tests were performed. The first test was selected by random choice. The time interval between two perimetry tests was at least 30 minutes and in that time ophthalmologic examination was performed. The tests were taken by a perimetry technician blinded to the patient group.

Statistics
----------

Kolmogorov-Smirnov test was used to evaluate the normality of distribution of numerical variables. Mann Whitney test was used to determine differences between two independent groups within one measurement. Differences among three or more groups were demonstrated by Kruskal-Wallis test. χ^2^-test was used to test differences between categorical variables. Wilcoxon test for nonparametric distribution was used to test differences between two dependent samples. Correlation between specific parameters was tested by Spearman's correlation coefficient. ROC analysis tested optimal boundary values, area under ROC curve, specificity and sensitivity of the tested variables as a diagnostic method in differentiating retinopathy in diabetics. The p value of 0.05 was chosen to determine the significance of the results. The analyses were performed using commercially available Statistics for Windows 2005 software (version 7.1, StatSoft Inc., Tulsa, OK, USA).

Results
=======

In this study, we evaluated 180 subjects divided into three groups. Group 1 consisted of diabetic patients without clinical signs of diabetic retinopathy, group 2 included diabetic patients with mild diabetic retinopathy, and group 3 were healthy controls. There were 80 (44.4%) men and 100 (55.6%) women, equally distributed among groups (p=0.978). There was no age difference among the three groups of subjects (p=0.128).

Tested spots were successively labeled as VP1, VP2, etc. for computerized perimetry and FDTM1, FDTM2, etc. for FDT perimetry, starting from the superior nasal part towards the inferior temporal part. The mean value of every single spot was obtained for each group of subjects and the results were analyzed to determine if there was a significant difference among different areas of visual field. Computerized perimetry yielded a statistically significant difference between diabetics with retinopathy and control group of healthy subjects (p\<0.05 in 29 out of 32 measured points), whereas there was no significant difference in the loss of retinal sensitivity between the groups of diabetics with and without retinopathy (p\<0.05 in 10 out of 32 measured points).

Analysis of FDT perimetry results showed a statistically significant difference between diabetics with retinopathy and control group of subjects (p\<0.05 in 12 out of 17 measured points), whereas there was no significant difference in the loss of retinal sensitivity between the groups of diabetics with and without retinopathy (p\<0.05 in 5 out of 17 measured points).

Comparative analysis of the parameters measured by computerized perimetry and FDT was performed. Medium sensitivity, mean defect and loss of variance were analyzed by computerized perimetry. The average central sensitivity of visual field, which was used for comparison, was calculated from the four central values of visual field.

The following parameters were analyzed in FDT: mean deviation, PSD, foveolar sensitivity and mean sensitivity of visual field. The latter parameter was calculated by arithmetic mean of the sensitivity of 17 measured spots in the visual field.

In the group of diabetics without retinopathy, there was a significantly higher loss of variance measured by computerized perimetry (4.9, interquartile range 3.1-9.2) as opposed to 3.9 median measured with FDT. Diabetics with retinopathy had a significantly lower loss of variance measured by computerized perimetry (5.6, interquartile range 2.8-9.1) than the loss of variance measured by FDT (4.1, interquartile range 3.1-4.9).

In control group, the mean sensitivity was significantly higher, whereas the mean central value was lower when measured by FDT. The mean sensitivity was significantly different across the three groups of patients on both diagnostic tests, i.e. computerized perimetry and FDT. The MS parameter was significantly different across the three groups of patients in both visual field tests, whereas MD was different when using computerized perimetry, while FDT did not detect significant difference among the three study groups.

Computerized perimetry detected significant MS difference between diabetics without and with retinopathy as compared to control group of healthy subjects. A significantly greater diffuse loss of visual field was measured in diabetics with retinopathy as compared to control group ([Table 1](#t1){ref-type="table"}).

###### Differences in study parameters across the three groups of subjects

  Parameter                                           Diagnostic procedure   
  --------------------------------------------------- ---------------------- -------
  CP                                                  FDP                    
  p\*                                                 p\*                    
  Mean sensitivity                                                           
  Diabetics without *vs*. with retinopathy            0.066                  0.232
  Diabetics without retinopathy *vs*. control group   0.003                  0.031
  Diabetics with retinopathy *vs*. control group      \<0.001                0.002
  All diabetics *vs*. control group                   \<0.001                0.002
  Mean deficiency                                                            
  Diabetics without *vs*. with retinopathy            0.069                  0.365
  Diabetics without retinopathy *vs*. control group   0.436                  0.148
  Diabetics with retinopathy *vs*. control group      0.017                  0.031
  All diabetics *vs*. control group                   0.067                  0.037
  LV/PSD                                                                     
  Diabetics without *vs*. with retinopathy            0.537                  0.667
  Diabetics without retinopathy *vs*. control group   0.145                  0.493
  Diabetics with retinopathy *vs*. control group      0.055                  0.519
  All diabetics *vs*. control group                   0.051                  0.442
  Medium central sensitivity                                                 
  Diabetics without *vs*. with retinopathy            0.102                  0.839
  Diabetics without retinopathy *vs*. control group   0.003                  0.307
  Diabetics with retinopathy *vs*. control group      \<0.001                0.214
  All diabetics *vs*. control group                   \<0.001                0.190

CP = computerized perimetry; FDP = frequency doubling perimetry; LV = loss of variance; PSD = pattern standard deviation; \*Mann Whitney test

Thirty-eight (21.1%) subjects had normal visual field, equally in all study groups. One abnormal visual field anywhere in the tested range was presented in 33 (18.3%) subjects, a little less pronounced in diabetics without retinopathy but not statistically significant. Eleven (6.1%) subjects had two fields of abnormal depression one next to other and only five (8.3%) control group subjects had one abnormal visual field in the center or inner ring.

Seventy-seven (42.8%) subjects had three or more abnormal fields except for criterion 7. The majority (n=30; 50%) were patients from diabetic groups and 17 (18.3%) from control group. Results of both perimetry tests in diabetic groups could not identify the specific parameter that would identify retinopathy in the visual field of these patients.

The MS parameter differentiated diabetics from the control group significantly on both perimetry tests (p=0.002). The MD parameter tested with FDT helped distinguish diabetics from the control group of subjects. The LV parameter differentiated diabetics from control subjects on computerized perimetry, whereas PSD measured with FDT did not show significant difference among the three groups of patients. The threshold central value measured with computerized perimetry could distinguish diabetics from the control group, whereas FDT did not differentiate these groups of subjects ([Table 2](#t2){ref-type="table"}).

###### Parameters of the receiver operating characteristic (ROC) curve in diabetics versus control group

  Parameter                    AUC     95% CI        Sensitivity   Specificity   Cut off   p
  ---------------------------- ------- ------------- ------------- ------------- --------- ---------
  Mean sensitivity                                                                         
  CP                           0.708   0.636-0.773   71.7          61.7          ≤28.6     \<0.001
  FDP                          0.639   0.565-0.710   70.8          55            ≤29.8     0.002
  Mean deficiency                                                                          
  CP                           0.584   0.508-0.657   56.7          60            \>-0.6    0.058
  FDP                          0.594   0.520-0.668   77.5          43.3          ≤0.82     0.037
  LV/PSD                                                                                   
  CP                           0.589   0.514-0.662   58.3          58.3          \>4.6     0.042
  FDP                          0.535   0.460-0.610   33.3          83.3          \>4.5     0.437
  Medium central sensitivity                                                               
  CP                           0.694   0.621-0.760   82.5          53.3          ≤32.5     \<0.001
  FDP                          0.560   0.484-0.633   28.3          85.0          ≤27       0.195

AUC = area under the curve; 95% CI = 95% confidence interval; CP = computerized perimetry; FDP = frequency doubling perimetry; LV = loss of variance; PSD = pattern standard deviation

Discussion
==========

Diabetic retinopathy is a significant socio-medical issue since it affects a large proportion of working population. Diagnosis and follow-up of this clinical entity is predominantly based on fundus examination, which has been standardized by the ETDRS study ([@r4]), and visual acuity testing as visual function evaluation. In recent time, visual field testing is introduced since it represents functional equivalent of retinal tissue damage and may be used to show the progression and development of diabetic retinopathy. It has been speculated that it may detect signs of functional defects before clinically evident signs of diabetic retinopathy ([@r30]). Different visual field tests have been evaluated and SAP has been shown to be more reliable and reproducible than standard white on white perimetry and blue on yellow perimetry (short wavelength perimetry) ([@r13], [@r31]). It is the gold standard for detecting focal retinal defects and glaucomatous defects. FDT visual field testing was developed 15 years ago and it could detect earlier defects in visual field in glaucoma patients ([@r28]). We hypothesized that it might detect early functional changes in diabetic retinopathy, so we compared it to computerized perimetry. We compared mean values of each tested spot between FDT and computerized perimetry. Computerized perimetry yielded significant differences among the three study groups in most of the spots tested (28 out of 32). The most significant difference was observed when comparing diabetics with diabetic retinopathy and control group (29 out of 32), confirming the presumption that clinically detectable retinal changes would result in functional defects, which is also in accordance with literature data ([@r32], [@r33]). It was expected because the normal population had no visual field loss, whereas the patients with clinically detectable retinal changes had a substantial visual field loss ([@r31], [@r32]), which may signify underlying neuropathy ([@r31], [@r34]-[@r36]), and may be the cause of focal visual field loss in cases of normal funduscopy findings.

Testing by FDT perimetry showed a slight statistically significant difference across the three groups of subjects (8 out of 17). The most prominent differences were observed between diabetics with retinopathy and control group of patients (12 out of 17) and between diabetics with retinopathy and diabetics with normal retinal finding (1 out of 17), reflecting visual field defects in specific groups of patients (patients with pathologic changes on funduscopy had greater visual field loss than healthy subjects). This was also recorded in computerized perimetry although the FDT test had fewer significantly different results than the computer perimetry test, which in this sense made it a less sensitive method.

Jackson *et al*. ([@r37]) demonstrated better discrimination of foveolar sensitivity among diabetics without retinopathy, diabetics with retinopathy and control group of patients (p\<0.0001) when testing with Matrix perimetry as compared with our study (p=0.415). Matrix perimetry is a new generation FDT with more testing spots (n=55, 5°x5°) compared to FDT test used in the present study (17 test spots 10°x10°). The study by Jackson *et al*. included patients with advanced stages of diabetic retinopathy and best corrected visual acuity (BCVA) 0.8 (Snellen), whereas we included mild diabetic retinopathy and BCVA 1.0 (Snellen), so it could explain the more pronounced difference and statistically significant result. The mean sensitivity loss was observed in diabetics with retinopathy and control group, which is in concordance with our results but they did not find significant difference between diabetics without retinopathy and control group. The mean sensitivity loss measured by Matrix perimetry did not significantly differ between diabetics without retinopathy and control group, whereas our results showed significant difference between these two groups as well (p=0.031). According to Jackson *et al*. ([@r37]), SAP testing yielded no significant difference among different groups for mean foveolar sensitivity, whereas our results showed significant differences (p\<0.001). The mean sensitivity was statistically different across the observed groups in both studies.

In the study by Parravano *et al*. ([@r38]), a group of diabetics without retinopathy and control group of healthy subjects were tested with SAP and Matrix FDT perimeter. They showed significant differences in MD and no significant change in PSD with Matrix perimetry test. Our results reflected similar findings since we did not find significant difference in MD and PSD either. Using computerized perimetry, they found significant difference in MD and PSD, whereas we recorded no significant difference in these two parameters. According to these authors, they found a difference in MD between the two groups by using Matrix perimetry and SAP testing revealed significant changes in both MD and PSD. Our study showed significant difference between diabetics without retinopathy and healthy control group in the mean sensitivity by both methods and in the mean central sensitivity only by computerized perimetry. It may be concluded that computerized perimetry has advantage over FDT in testing diabetic visual field loss.

In the work by Realini *et al*. ([@r39]), FDT was used in screening of glaucoma and they concluded that diabetes might be the cause of false positive finding, whereas Khandekar *et al*. in a similar study showed that diabetes did not influence the results of FDT test in glaucoma patients ([@r40]). We confirmed that DM might influence the results of the FDT perimetry test.

We further tried to establish if there was a pathognomonic defect sample that would be characteristic of diabetic visual field loss, as suggested by previous results ([@r29]). The only difference observed among the three groups was criterion 5, i.e. one abnormal central field or the inner ring field (χ^2^-test: p=0.006) and criterion 8, i.e. three or more abnormal fields (χ^2^-test: p=0.022). Five patients in the control group and none in the diabetic group of patients had visual field loss as in criterion 5. Diabetic patients had a more pronounced visual field loss and a significant difference was detected in the control group. Criterion 8 was significantly different in all three groups of patients but this criterion encompasses many different patterns of visual field loss, so it cannot represent the standardized pattern.

Cross analysis of normal and pathologic visual field findings did not detect specific pattern of diabetic visual field loss, confirming the results reported by Parravano *et al*. ([@r38]). However, some authors showed high specificity and sensitivity in particular visual field samples ([@r29]).

The receiver operating characteristic (ROC) curve analyzed specificity and sensitivity of both FDT and computerized perimetry in the group of diabetic patients with and without retinopathy and control group. In both diabetic patient groups, none of the tests differentiated the presence of retinopathy. However, both visual field tests differentiated diabetics from the control group of patients: SAP (p\<0.001) and FDT (p=0.002). The MD parameter differed between diabetics and control group (p=0.037) when tested with FDT. SAP significantly differentiated loss of variance (p=0.042) and foveolar sensitivity (p\<0.001) in diabetics compared to control group. FDT and computerized perimetry cannot differentiate diabetics without retinopathy from diabetics with retinopathy with sufficient specificity and sensitivity but may differentiate diabetics from healthy control group of subjects. However, none of the tests showed superiority to the other.

Conclusion
==========

Based on our data analyses, we can conclude that FDT may differentiate healthy subjects from diabetic patients equally as computerized perimetry. It does not discriminate well diabetics without retinopathy from diabetics with mild retinopathy, which, according to the results of our study, cannot be achieved with computerized perimetry either. It is a test that is less time consuming than computerized perimetry, thus being more convenient for the patient.

We could not establish specific pattern of visual field loss that is pathognomonic for diabetic retinopathy. FDT detected and differentiated diabetic patients from healthy control subjects with 70.8% sensitivity and 55.0% specificity for MS and 77.5% sensitivity and 43.3% specificity for MD. Therefore, we think that this test may be a useful tool in combination with other clinical methods for evaluation of diabetic visual field loss. Neither of the methods could discriminate well diabetics without retinopathy from diabetics with retinopathy but both tests might differentiate diabetics from healthy controls with sufficient sensitivity and specificity for MS parameter. In addition, it could not be confirmed that either method showed advantage over the other.
